Abstract. This study presents the design and operation of the cyclone furnace fuelled with coal dust. The main function of the furnace is coal dust gasification. The combustible gases that mainly contain CO can be used to feed a pulverized coal-fired boiler. The results of numerical calculations presented in the study demonstrated that cyclone furnace can operate over a wide range of fuel flow rates: from the conditions of coal dust combustion, which ensure maintaining the cyclone furnace in a state of hot reserve to the conditions of coal dust gasification, which allow for production of CO. Gasification process helps control temperature under conditions of elevated oxygen concentration. The results allow for the use of the furnace to improve flexibility and coal dust operation through the reduction in its technological minimum.
Introduction
The examinations aimed to limit the environmental impact of the use of fossil fuels for electricity and heat generation have been conducted for many years. New technologies are being explored to help utilize chemical energy contained in the fuel more effectively. The analysed processes include oxy-fuel combustion [1,2,3,4], on-ground and underground gasification [5] or construction of high-performance power units [6, 7] .
One of the solutions which ensure further use of coal and steam power units with pulverized coal-fired boilers is to develop cyclone furnaces that are operated under oxy-combustion conditions with coal gasification [8] . Combustible gases generated during gasification (CO, H2, CH4) and supplied to the pulverized coal-fired boiler can be burnt in the boiler or, after preparation, used for other chemical processes as a raw material. Development of the renewable energy based on the use of wind causes rapid changes in production of electricity. Consequently, present and new energy power unit must be characterized by greater flexibility of changes in the load and possibly low minimum load.
This study presents the concept and opportunities for operation of the cyclone furnace for coal gasification to feed pulverized coal-fired boiler with the option of changing its load.
Cyclone furnace
Cyclone furnaces are power-generating devices with fuel combustion or gasification processes occurring in a strong eddy flow of gases. These furnaces have a relatively small combustion chambers compared to the equipment used in the energy sector. This allows for reaching high temperatures during the combustion process or during fuel gasification and for utilization of the furnaces for melting of the ash contained in the fuel.
Due to high temperatures that occur in cyclone furnaces, it is recommended to replace air with other oxidizing agents without nitrogen in order to limit NOx emissions. The use of recirculation of oxygen-rich flue gas or, additionally, water steam, substantially limits the emissions of NOx.
Combustion in the oxygen-rich atmosphere leads to a considerable increase in temperature, with its values exceeding thermal strength of the ceramic materials used for construction of the furnace. Therefore, with higher oxygen concentrations, the temperature that can be obtained has to be controlled through: flue gas recirculation, combustion in the substoichiometric conditions (gasification), injection of water or water steam in order to reduce temperature (evaporation of water, overheating the steam) or the use of water steam in the process of coal gasification. Control of temperature through gasification of fuel inside the cyclone furnace helps obtain combustible gases composed mainly of CO and H2 with contents that depend on process conditions. Strong eddy makes it possible to elongate time of fuel stay in the combustion or gasification zone, thus limiting the waste of incomplete burning. With strong eddy motion, ash separation and vitrification in cyclone furnace is also feasible. After moving to the pulverized coal-fired boiler, hot combustible gases generated in the process of gasification (CO, H2) can support its operation or stabilize coal dust combustion process at low load. It is possible to supply gases generated to cyclone furnace in order to maintain the hot reserve state.
Process of coal dust combustion and gasification in cyclone furnace
The process of coal dust combustion and gasification was performed in a cyclone furnace composed of two chambers: upper (PC2) and lower (PC1) [9,10,11]. The chamber PC2 is cylindrical. Its upper part features tangentially installed channels which supply fuel pneumatically in a stream of CO2 (recirculated flue gas). The chamber PC2 is also cylindrical. It is comprised of several steps with gradually reduced diameters. There are nozzles on lateral surfaces of the chamber PC1 which allow for supply of the "driving" gas with assumed composition of O2 and CO2. The chambers PC1 and PC2 are connected with a channel with a plunger used to separate the flow of flue gas from the chamber PC1 to PC2 and the fuel flow (carbon residue) from the chamber PC2 to PC1 (Fig. 1) . The design of the cyclone furnace allows for: -heating, drying and gasification of fuel in the chamber PC2; -coal combustion or gasification process in the chamber PC1 which can be performed in the atmosphere of recirculated flue gas (CO2 and O2).
In order to ensure effective fuel gasification, it is necessary to burn certain part of carbon residue in order to generate the required amount of heat for maintaining and control of endothermic reactions.
The results of numerical calculations of the coal dust combustion and gasification process in the atmosphere of O2 and CO2 represent part of the extensive experimental research and numerical calculations performed within the Strategic Programme "ADVANCED TECHNOLOGIES FOR ENERGY GENERATION" [12, 13, 14, 15, 16, 17, 18] .
The geometry of the cyclone furnace was designed using the Gambit software (Fig. 1b) . Furthermore, the ANSYS FLUENT 14 software was also used for the calculations. Calculations of gas and fuel flow were performed using the Reynolds Stress turbulence model. Discrete Phase Model software was employed to model coal grain flow. Coal dust combustion and gasification was modelled using Species Transport model, which allows for modelling of chemical reactions both in the solid phase and gaseous phase [19, 20, 21, 22, 23] . Calculations were based on the radiation model termed Discrete Ordinate (DO). Calculations of the combustion process and gasification of coal dust with replacement diameter of 500 μm were carried out for the fuel with physicochemical parameters presented in Table 1 . For simplification purposes, it was adopted that the fuel does not contain sulphur. Reaction rate constants were derived from the studies [20, 21] . Table 1 presents the parameters of the fuel used in the study. Calculations for combustion and gasification of coal dust were described with the following reactions: -Reaction of volatile matter combustion
where x1, x2, y1, y2, y3 are stoichiometric coefficients -Reaction of oxidation of carbon oxide
-Synthesis of water gas 2 2 ) (
Conditions of coal dust gasification process modelling were as follows: flow of coal dust with mean grain size of 500 μm of 0.2 to 2 kg/s supplied tangentially with two inlets located at the opposite sides of the chamber PC2 (Fig. 1 ) in the CO2 with temperature of 350 K and the velocity of 3 m/s. Following a helical line, the fuel moves downwards in the chamber PC2 as it is heated, dried and devolatilized through the effect of hot flue gas that flows in the furnace axis and contact with hot walls of the chamber PC2. Fuel gasification occurs through partial combustion of fixed carbon (FC) in the chamber PC1 [10, 12, 13, 14, 15, 17, 18] . The driving nozzles were used to supply (tangentially) the driving gas composed of the mixture of O2/CO2 with volumetric content of 60/40% with the velocity of 3 m/s and temperature of 600 K.
The numerical model takes into consideration the heat transfer through furnace walls to its surroundings. Actual thickness of individual components of the laboratory furnace was also assumed during calculation of heat loss, with coefficients of heat penetration and conduction for the materials. It was assumed that air temperature around the furnace is 300 K. 
Analysis of coal dust combustion and gasification for variable fuel flow rate
The aim of the results presented in this study was to determine conditions of cyclone furnace operation at variable fuel flow rate in order to examine opportunities for control of the stream. For this purpose, a series of numerical simulations were performed for the flow rate supplied to the coal dust furnace ranging from 0.2 to 2 g/s.
Figures 2-6 present distribution of selected process values for three mass loads with the fuel flow rate to the furnace (0.2, 0.8 and 2 g/s). The driving gas which is tangentially supplied along the level of the chamber PC1, characterized by the O2/CO2 ratio of 60/40%, causes a strong eddy motion of the gas and fuel. Due to the effect of the centrifugal force, fuel is accumulated near the walls of the chambers PC1 and PC2, which is presented in Fig. 2 It can be observed that the increase in the mass flow rate of the fuel supplied to the furnace leads to the increase in the thickness of its layer on the walls and its transport towards the lower part of the furnace. The maximal fuel flow rate can be determined based on the maximal flow rate of the fuel supplied to the furnace and gasified without generation of the loss of incomplete combustion. The use of the stepped chamber PC1 allows for maintaining a substantial fuel mass in a state of eddy. The zone where fuel is present significantly depends on the amount of the oxidant. If the fuel flow rate increases, the demand for the oxidant is higher (see Fig. 3 ). The zone with elevated oxygen concentration reduces with the increase in fuel flow rate (Fig. 3) . Increased oxygen content in the chamber PC2 can be also observed for the flow rate of 0.2 g/s, which reflects the presence of substoichiometric conditions in the chamber PC1 (see Fig. 3a ). This leads to the increase in the concentration of CO2 and low values of CO in the chamber PC2 (Figs.   5a and 6a) . The highest temperature is observed in the upper part of the PC1 chamber (see Fig. 4a ), reaching the chamber PC2. For the presented load of the furnace with the fuel flow rate of 0.8 and 2 g/s, the zone of high oxygen concentrations is significantly reduced and moving towards the lower part of the chamber PC1 (see Figs. 3b,  3c ). In these cases, the process in the chamber PC1 occurs under substoichiometric conditions and is conductive to coal gasification process. The area of the highest temperatures is shifted to the central part of the chamber PC1 (Figs. 4b, 4c ). High concentration of O2 (Figs. 3b, 3c ) and CO2 (Figs. 6b, 6c) (resulting from the gas supplied) is observed below this area, whereas above
the area of high temperature, the content of O2 declines virtually to zero (Figs. 3b, 3c) , while the content of CO2 decreases (Figs. 6b, 6c) as a result of the reaction (6) and the CO content rises (Figs. 5b, 5c ). These observations are supported by the profiles of mean values of selected parameters at the outlets from the chambers PC1 and PC2 (Fig. 7) . The contents of O2 presented in Fig. 8a show that the combustion process in the chamber PC1 occurs for the adopted aerodynamic conditions up to the fuel flow rate of ca. 0.4 g/s. This observation is also supported by the fact that the temperature maximum occurs in the planes CP1 and CP2 (Fig. 8b) . Furthermore, a relatively low CO content (Fig.  9a) and high CO2 content (Fig. 9b) are noticeable for fuel flow rates below 0.4 g/s. Very low H2 contents are also observed in this area (Fig. 10a) in the planes CP1 and CP2, resulting from oxidation of hydrogen by the oxygen contained in the gases. A close to zero content of volatile matter in the plane CP1 (resulting from their oxidation) is also observed (see Fig. 10b ). For the fuel mass flow rate of over 0.4 g/s in the control plane CP1 and CP2, O2 concentration is close to zero (Fig. 8a) . A significant decline in temperature (Fig.  8b) in the CP1 plane is observed, resulting, on the one hand, from the movement of the gasification front and, on the other hand, from the intensive heat consumption during endothermic reactions. It is noticeable that, regardless of the flow rate for the gasified fuel stream, CO content (Fig. 9a) at the outlet from the chamber PC2 reaches 80%. Furthermore, a decline in CO2 content (Fig. 9b) in the planes CP1 and CP2 is also observed for increasing fuel mass flow rates. This results from the increased demand for the flow rate of the gasifying medium for higher fuel flow rates. Figs. 10a and 10b illustrate the concentration of H2 and volatile matter (VM), respectively. For the fuel flow rate of over 0.4 g/s, the analysed values are nearly linear, which means that their amount is proportional to the flow rate of the fuel supplied and, apart from the initial area (below 0.4 g/s), these substances do not take part in the processes of gasification and oxidation.
For the fuel flow rates from 0.2 to 1.6 g/s, no fuel outflow from the PC1 to the slag bath was found, which suggests complete fuel conversion. It was found that for the fuel flow rate of 1.8 and 2 g/s, non-reacted fuel leaves the chamber PC1 at the flow rate of 0.0275 g/s and 0.0498 g/s, which represents ca. 1.5% and 2.5% of the flow rate of the supplied fuel. 
Conclusion
The results of numerical calculations presented in the study demonstrated that, through changes in the mass flow rate of the coal dust supplied to the cyclone furnace, it is possible to obtain the convenient conditions for its combustion or gasification. Consequently, coal dust combustion can be performed at low mass flow rates, which causes that the cyclone furnace can be maintained in a state of hot reserve, thus generating hot flue gas and combustible gases with low CO contents (ca. 30%). Furthermore, at elevated fuel flow rates, coal dust gasification can be easily performed, with the CO concentrations at the outlet from the chamber PC2 reaching 80% and high content of volatile matter (ca. 13%). The combustible gases supplied to the chamber of the pulverized coal-fired boiler can be used to stabilize coal dust combustion process at low boiler load. They can replace the operation of the dust burners or ignition burners at low load while opening up the opportunities for maintaining the boiler in the hot reserve state and ensuring lower levels of the minimum load in the pulverized coal-fired boiler.
